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Abstract 
We constructed a dilution-refrigerator-based near-field scanning optical microscope (NSOM) which operates at temperatures 
down to 200 mK. Our NSOM enables us to investigate spatial properties of the electrons in semiconductor nanostructures with a 
subwavelength spatial resolution.  We report on a result of the optical mapping of the boundary of a two-dimensional electron gas 
in a gated Hall-bar structure of a GaAs/AlGaAs modulation-doped single heterojuntion. 
 
PACS: 73.50.Pz; 68.37.Uv 
Keywords: near-field scanning optical microscope; dilution refrigerator; two-dimensional electron gas 
1. Introduction 
 
A real-space characterization of a two-dimensional electron gas (2DEG) by local optical excitations was 
demonstrated by a conductance measurement on a single heterojunction (SHJ) in magnetic fields [1-3]. Mappings of 
the potential profiles at the edge of 2DEG [1,2] and the edge channels [3] were demonstrated. But the spatial 
resolution was limited to be about 2 μm [2] because they used a standard optical microscope. In order to reveal the 
electronic structure especially near the edge of a 2DEG of the order of the magnetic length, a higher resolution of 
local optical excitations and a lower temperature are required. Near-field scanning optical microscopes (NSOM) 
have been utilized to map electronic properties of semiconductor nanostructures with a subwavelength spatial 
resolution [4-6]. The exciton wave functions in a quantum dot were mapped out by a photoluminescence 
spectroscopy [4]. Local density of states in the field-induced quantum dot structure based on a single heterojunction 
was mapped by measuring the spatial distribution of the near-field photoluminescence intensity [5,6]. We 
constructed an NSOM which can be operated down to 200 mK and in magnetic field up to 2 T. This combination 
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which had not been achieved until now have a possibility of electron spin detection and control in a quantum dot 
that is one of a promising way for realizing a quantum computer.  
We report results of optical mapping of the boundary of a 2DEG by using our newly developed NSOM. We 
obtain optical mapping of the photovoltage induced by local optical excitations in a gated Hall-bar structure. 
 
2. Experimental 
2.1. Structure of a dilution-refrigerator-based near-field scanning optical microscope 
Figure 1 (a) shows a schematic illustration of our NSOM in a superinsulated dewar. A specially-designed home-
made dilution refrigerator has large space at the center of the cryostat. A mixing chamber is located at off-center 
axis. This large space may be used to accommodate large optical components such as a wave plate, a polarizer, and 
a piezo elastic modulator for optical polarization resolved measurements. 
The NSOM head is hung from the mixing chamber stage with four springs and located in the inner vacuum 
(b) 
Fig. 1 (a) Schematic illustration of a dilution-refrigerator-based near-field scanning optical microscope A head of optical fiber probe, B 
quartz crystal, C quartz crystal holder, D dispersion compensated fiber, E connection of optical fiber, F single mode optical fiber, G sample, 
H scanner piezo, J z slider, K x slider, M y slider, N radiation shield, P 1Kpot, Q still, R S heat exchanger, T mixing chamber, U copper 
rods, V inner vacuum chamber, W superconducting magnet, X Y spring. (b) Scanning focused ion beam microscopy image of an NSOM 
optical fiber probe. (c) Scanning focused ion beam microscopy image of the tip of the optical fiber probe. 
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chamber. Our NSOM is equipped with a tube piezo scanner and an XYZ piezoelectric inertial sliding drive stage. 
Superconducting leads are used for the high voltage lines for the tube piezo scanner and the inertial sliding driving 
stage.  
The sample on the tube piezo scanner is thermally anchored to the mixing chamber by silver wires. Heating of 
the tube piezo scanner during scanning was negligibly small. We avoid using any ferromagnetic materials in order to 
operate the NSOM in strong magnetic fields.  
2.2. Structure of an optical fiber probe and details of NSOM operation 
A double tapered optical fiber probe was fabricated by chemical etching with a hydrofluoric acid solution [7-10]. 
A small clear aperture was prepared by a focused ion beam after metalization of the tapered optical fiber probe as 
shown in Fig. 1(b). The diameter of the aperture was about 100 nm. This NSOM system has advantages not only for 
the high spatial resolution but also for reduced heat inflow because only a small area under the aperture is 
selectively illuminated. Figure 1(c) shows a scanning focused ion beam microscopy image of the tip of the optical 
fiber. The tapered optical fiber probe is located at the center of the edge of a dispersion compensated fiber. The 
dispersion compensated fiber was connected to a single mode optical fiber by a fusion splicer. The laser power 
leaking from this connection was about 2 % of the incident laser power. In the case of the typical incident laser 
power of 3 mW, the leakage optical power from the connection is about 60ȣW. To avoid heat inflow, the 
connection was covered with a conductive black sheet, which was thermally anchored to the still.  
The double tapered optical fiber probe is attached to the quartz tuning fork for detecting the distance between the 
optical fiber probe and the sample. An AC voltage from an external oscillator was applied to the quartz tuning fork 
with a bare resonance frequency of 32.768 kHz. The resonance frequency decreases due to the extra mass of the 
optical fiber probe and the shear force between the tip and the surface of the sample. The Q value of the resonance 
was typically about 2400 at 200 mK. The phase shift due to the shear force was detected by a lock-in amplifier, and 
was used to control the distance between the tip and the surface.  
2.3. Structure of a Hall-bar sample 
A schematic structure and the cross-sectional view of a Hall-bar are shown in Figs. 2(a) and 2(b), respectively. 
The sample is a Hall-bar structure of a GaAs/AlGaAs modulation-doped SHJ defined by a wet etching using 
H2O2/citric acid solution. The width of the center region except branches is 10 ȣm. A comb shaped Hall-bar 
structure was fabricated in order to facilitate to find the edge of a Hall-bar by scanning a small area typically 2 ȣm 
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Fig. 2 (a) A schematic illustration of the sample structure and the measurement method. (b) A schematic illustration of the cross-sectional 
view of the sample structure. 
(a) (b) 
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 2 ȣm. The electron density and the mobility of the 2DEG was 4.0 x 1011 cm-2 and 170,000 cm2/Vs, respectively. 
A Ti/Au film was deposited on the Hall-bar structure as a gate electrode.  
 
2.4. Method of optical mapping of a Hall-bar sample 
The SHJ sample on the scanning stage was illuminated with light from a continuous wave Ti:Sapphire laser at 
800 nm through the aperture of the fiber probe under shear-force feedback control. Laser light was modulated at 159 
Hz by an optical chopper. The differential voltages between under illumination and at dark were measured 
synchronously by a lock-in-amplifer. 
The incident laser power into a single mode fiber was 4 mW. Because of the power loss at the connection of two 
types of optical fibers, and the small aperture of the optical fiber probe, the local optical excitation power under the 
probe aperture was about 50 nW. The image plots of the photovoltages and the shear-force image were obtained by 
driving the tube piezo scanner. 
 
3. Results and Discussions 
The temperature measured by a ruthenium oxide thermometer at the sample stage was 200 mK during the tube 
piezo scanner driving at 2 ȣm / min under  50 nW illumination. The temperature of the mixing chamber was 160 
Fig. 3 (a) Shear force image of an edge of a Hall-bar structure. Size 
of scan area is 2 ȣm  0.26 ȣm. The bright region corresponds to 
the mesa region where a 2DEG exists. The dark region corresponds 
to the etched region where the electron density is small. (b) Height 
profile of the shear force image. (c) Photovoltages image of an edge 
of a Hall-bar structure. The size of the scan area is 2 ȣm   80 nm 
which corresponds to the region “A” as indicated in (a). Direction of 
the scanning is from left to right sides. (d) Average value profile of 
the photovoltages, which is enhanced at the etched region where the 
electron density is small. 
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mK. Figure 3 shows topographic image from the shear-force feed back voltage, its height profile, photovoltages 
image and its profile at 0 T at -2 V of the gate voltage. 
Local optical excitations at a GaAs layer generate electron-hole pairs. The optically generated electron-hole pairs 
dissociates effectively at a large lateral potential gradient near the edge of Hall-bar. Electrons move into 2DEG, and 
holes move to back side of the substrate because of a strong vertical electric field at the SHJ. These electrons affect 
the transport of the 2DEG. Changes of the potential profile of Hall-bar in order to accumulation of holes at the back 
side of the substrate can be neglected because of the short measurement time, and the small power of optical 
excitation. 
In this experiment we use a Hall-bar structure defined by etching 30 nm depth from surface to n-AlGaAs layer, 
etched region where electron density is lower still have a GaAs layer and SHJ. Figures 3(c),3(d) indicate that 
photovoltages were enhanced at the etched region rather than inside of the Hall-bar. Similar measurement by using a 
standard optical microscope was demonstrated [2], but because of the spatial resolution of 2ȣm, the spatial 
distribution of photovoltages intensity was not observed clearly. In this experiment precisely spatial distribution near 
the edge of 2DEG was observed for the first time because of the superior spatial resolution. 
4. Summary 
We have successfully constructed a dilution-refrigerator-based NSOM, which was demonstrated to operate at 
temperatures below 200 mK. This NSOM enables us to investigate spatial properties of the electrons in 
semiconductor nanostructures with a subwavelength spatial resolution. Local excitation with NSOM at ultra-low 
temperature has a potential of direct manipulation of electrons in a quantum dot. 
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